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Contamination of food and feed grains by aflatoxins is a problem both in the United States and throughout the world. Aflatoxins, which are secondary metabolites produced by the fungi Aspergillus flavus Link: Fr. and A. parasiticus Speare, are potent carcinogens and can pose a serious health hazard when they contaminate food for poultry, livestock, or humans (7, 11, 16) . Aflatoxin B1 is the most potent naturally occurring carcinogenic substance known (24) . Aflatoxin contamination of corn (Zea mays L.), caused by A. flavus, occurs occasionally in the midwestern United States, but is a chronic problem in the southeastern states (9) . Yield losses are minimal, but value losses can be severe, because high levels of aflatoxin can render grain unmerchantable (22) .
Since the first report of aflatoxin contamination in preharvest corn fields (2) , substantial effort has been made to identify corn genotypes that resist infection by A. flavus. Although differences between corn genotypes have been demonstrated (10, 17, 28) , relatively few show significant levels of resistance. Widstrom et al. (27) reported that the corn population GT-MAS : gk consistently showed resistance when compared with susceptible hybrids. In repeated tests, fungus colonization in individual inoculated kernels of GT-MAS:gk was reduced, and aflatoxin levels in this genotype were several orders of magnitude lower than those in susceptible commercial hybrids (12, 14) . Although mechanisms of resistance in this genotype are not completely understood, Guo et al. (14) showed that resistance is associated with a preformed compound or compounds within the kernel, as well as wax and cutin in the intact kernel pericarp. The objective of this research was to compare kernel wax from resistant and susceptible corn genotypes with regard to amount, appearance, antifungal activity, and composition. Preliminary reports have been published (12, 26) . (6, 14) . Kernels of all genotypes were maintained at 4°C and were free of fungicides, insecticides, and dyes normally applied prior to sale. Intact kernels of uniform size and shape were used in all studies.
MATERIALS AND METHODS
Strain AF13 of A. flavus, which produces abundant aflatoxin B1 (5, 8) , was provided by P. J. Cotty (USDA /ARS / SRRC, New Orleans). The fungus was grown on V8 juice agar plates (5% V8 juice and 2% agar) at 28°C in darkness. Inoculum was conidia obtained from 7-day-old cultures and suspended in water.
Amount of kernel wax. Kernels from two sources were used in these studies. Experiment 1 examined amounts of wax on kernels produced in the field as grain. Plots of Asgrow RX 947, Deltapine G-4666, Pioneer 3154, and GT-MAS : gk were established in Winnsboro, LA, in 1993. The plots were furrow-irrigated as needed to minimize moisture stress. At maturity, ears from these plots were harvested and shelled by hand to eliminate the physical damage to kernel pericarps that can occur during mechanical harvest. In tared flasks, 50 kernels of each genotype were immersed in 100 ml of chloroform for 60 s. Care was taken to clean the kernels of all debris prior to immersion. The kernels were removed, the chloroform was evaporated to dryness, and the weight of the wax from each genotype was determined. The genotypes were replicated four times, and the experiment was conducted twice. Experiment 2 examined amounts of wax on kernels supplied as seed. In tared flasks, 100 g of kernels of corn genotypes Deltapine G-4666, Oro 188, Pioneer 3154, and GT-MAS : gk were immersed in 200 ml of chloroform for 60 s. The kernels were removed, the chloroform was evaporated to dryness, and the weight of the wax from each genotype was determined. The genotypes were replicated five times, and the experiment was conducted three times.
Scanning electron microscopy of kernel wax. Corn genotypes Asgrow RX 947, Deltapine G-4666, Pioneer 3154, and GT-MAS : gk supplied as seed were used in this study. Ten kernels of each genotype were prepared for scanning electron microscopy by desiccation for 72 h. Intact kernels of uniform size and shape were mounted (endosperm side up) on aluminum stubs, coated with gold-palladium (20 nm thick) applied with an Edwards S-150 sputter coater, and examined with a Leica Cambridge S 260 scanning electron microscope.
Bioassay of kernel wax. Kernels (100 g) of corn genotypes Deltapine G-4666, Oro 188, Pioneer 3154, and GT-MAS : gk supplied as seed were immersed in 200 ml of chloroform for 60 s. The kernels were removed, the chloroform was evaporated to dryness, and the residual wax from each genotype was redissolved in 3 ml of chloroform. This was combined with autoclaved A&M medium (1) to make a final volume of 100 ml. The mixture was poured into petri dishes, which were covered loosely for 2 h before inoculation to allow the chloroform to evaporate. Wax concentrations in Deltapine G-4666, Oro 188, Pioneer 3154, and GT-MAS : gk were approximately 0.085, 0.08, 0.075, and 0.1 mg/ ml, respectively. The plates were then inoculated with A. flavus; 10 µl of a conidial suspension (10 6 conidia per ml) was placed in the center of each plate. Controls were A&M medium alone and A&M medium amended with chloroform at the same concentration. The plates were incubated at 28°C in darkness, and colony diameter was measured after 24 h. The treatments were replicated five times, and the experiment was conducted twice.
Thin-layer chromatography of kernel wax. Kernels (150 g) of corn genotypes Deltapine G-4666, Oro 188, Pioneer 3154, and GT-MAS : gk were immersed in 200 ml of chloroform for 60 s to remove wax. The chloroform was evaporated to dryness under a stream of nitrogen. The residual wax was dissolved in 1 ml of chloroform, evaporated again under nitrogen, and redissolved in 1 ml of hexane. Samples (10 and 20 µl) from each corn genotype were spotted on silica gel thin-layer chromatography plates (20 by 20 cm). The plates were developed at ambient temperature (20 to 25°C) in glass tanks by the ascending solvent technique. Solvent systems were methylene chloride, benzene / chloroform (7: 3 vol / vol), and chloroform/ ethyl acetate (1:1 vol / vol) (20) . To make wax components visible, the chromatograms were sprayed with concentrated sulfuric acid (15) . Before the plates were completely charred by acid, those developed in benzene / chloroform were photocopied, and the copies were scanned into a computer. The images were then analyzed with NIH Image software (version 1.54) to determine the relative density and location of spots on the chromatograms. This software is in the public domain.
Statistical analysis. Data from wax weight determinations and wax bioassays were analyzed with the analysis of variance procedure of Statistical Analysis System (SAS Institute, Cary, NC). Means were separated by least significant difference (P ≤ 0.05).
RESULTS
Analyses showed no significant test-by-treatment interactions for kernel wax weight. Therefore data from duplicate tests were combined for final analysis. Kernels of resistant GT-MAS : gk had significantly more pericarp wax than did the susceptible hybrids tested (Fig. 1) .
Scanning electron microscopy revealed distinct differences between kernels of resistant and susceptible corn genotypes (Fig. 2) . Resistant GT-MAS : gk kernels were rough in appearance and had abundant wax deposits on kernel surfaces. Asgrow RX 947, Deltapine G-4666, and Pioneer 3154 kernels appeared much more smooth and lacked the abundant surface deposits observed on GT-MAS : gk.
No significant test-by-treatment interactions were detected for wax bioassay data. Therefore, data from duplicate tests were combined for final analysis. Bioassays showed that only kernel wax from the resistant GT-MAS : gk reduced A. flavus colony diameter (Fig. 3) . This reduction averaged about 35% across tests. Colony diameters of A. flavus on media amended with kernel wax from susceptible hybrids did not differ from those of the controls (Fig. 3) .
Thin-layer chromatography showed differences in the kernel wax composition of the corn genotypes tested in all three solvent systems. A band unique to GT-MAS : gk had R f values of 0.30, 0.81, and 0.40 in benzene / chloroform (7: 3 vol / vol), chloroform/ ethyl acetate (1:1 vol / vol), and methylene chloride, respectively. Because benzene / chloroform provided the best separation of kernel wax components (Fig. 4) , this chromatogram was analyzed with NIH Image software. Seven peaks were identified. On the basis of R f values, these peaks were designated P1 (R f = 0.07), P2 (R f = 0.14), P3 (R f = 0.21), P4 (R f = 0.25), P5 (R f = 0.30), P6 (R f = 0.48), and P7 (R f = 0.91) (Fig. 5 ). P1 and P2 were present in the chromatograms of all genotypes, but at lower density in that of the resistant GT-MAS : gk. P7 was present in the chromatograms of all genotypes at approximately equal densities. P3 and P4 were present only in the chromatograms of Deltapine G-4666 and GT-MAS: gk. Of particular interest were P5, present only in the chromatogram of GT-MAS : gk, and P6, present in the chromatograms of all genotypes except GT-MAS : gk (Fig. 5) .
DISCUSSION
The pericarp is the outermost portion of corn kernels and is composed of several layers of cells differing in chemical components and cell wall thickness (29) . The pericarp contains layers of cutin and wax, which afford considerable protection against infection by fungal pathogens (19, 21) . Several researchers have shown that the pericarp is important for protecting seeds of certain crop species from A. flavus infection and subsequent aflatoxin accumulation (23, 25) . Although no specific mechanisms were mentioned, Reddy et al. (23) suggested a role for seed surface wax in this resistance. We showed previously (14) that removing kernel wax prior to inoculation with A. flavus raised the aflatoxin level significantly in the resistant corn genotype GT-MAS : gk, but not in a susceptible commercial hybrid. This suggested a direct role for kernel wax in the resistance of GT-MAS : gk to A. flavus. Results from our present study support this previous work and provide further evidence for kernel wax as an important factor in corn kernel resistance to A. flavus.
Direct comparisons of wax weight data, as well as scanning electron micrographs, indicate that kernels of GT-MAS : gk had consistently more surface wax than did susceptible commercial hybrids tested. This indicates that resistance to A. flavus in GT-MAS : gk kernels may be due in part to a physical barrier provided by pericarp wax. Our results show further that kernel wax from this genotype was inhibitory to the growth of A. flavus in vitro, which suggests that resistance may also result from direct antifungal activity of the wax. We did not test for antitoxigenic activity in these studies. Little is known about antifungal effects of kernel wax. Koidsumi (18) reported antifungal activity against A. flavus in cuticular lipids from certain insects. The active constituents were free medium-chain-length saturated fatty acids, such as caprylic acid or capric acid.
Thin-layer chromatograms and analyses from NIH Image software showed a distinctive composition for GT-MAS : gk kernel wax. Chromatograms of this wax contained one peak (P5) unique to GT-MAS:gk, but also lacked a peak (P6) common to all susceptible hybrids. Research by Bianchi and co-workers on corn surface waxes shows that their chemical composition can vary greatly in different parts of the plant (3). These authors showed that kernel wax contains a high percentage of esters, but very small amounts of aldehydes and alcohols (3) . The identities of compounds represented by P5 and P6 in the chromatograms were not determined in the present study, but work is in progress to characterize these compounds and test them for antifungal and antitoxigenic activity.
Contamination of food and feed grains by A. flavus and aflatoxin is a serious public health concern. There is great need to identify factors that confer resistance in corn and to incorporate that resistance into commercial hybrids. Results from the present study show that resistance in GT-MAS : gk is due in part to chemically unique kernel wax that provides physical and/ or chemical barriers to A. flavus infection. This is the first report of specific kernel factors involved in resistance. Future efforts will focus on the role of kernel wax barriers in other resistant corn genotypes (4), as well as the potential for using kernel wax as a selectable marker for resistance in corn breeding.
